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4Je -a=epe-~e- pbservations4 of the spatial variation of 
atmospheric p r e? i p i t ab 1 e water using the Airborne 
Visible/Infrared Imaging Spectrometer (AVIRIS) over a desert area 
in eastern California, derived using a band ratio method and the 
9 4 0  nm atmospheric water band and 8 7 0  nm continuum radiances. 
The ratios yield total path water from curves of growth supplied 
by the LOWTRAN 7 atmospheric model. An independent validation of 
the AVIRIS-derived column abundance at a point is supplied by a 
spectral hygrometer calibrated with respect to radiosonde 
observations. Water values conform to topography and fall off 
with surface elevation. The edge of the water vapor boundary 
layer defined by topography is thought to have been recovered. 
The ratio method yields column abundance estimates of good preci- 
sion and high spatial resolution. 
Atmospheric water vapor is an important reservoir in the 
global hydrosphere having profound implications for the main- 
tenance of fresh water supplies that are essential for life , for 
energetics of tpe atmosphere and for modelling the Garth's 
hydrologic cycle and climate . In addition, water vapor line 
and continuum absorptions affect quantitative interpretation of 
the spectral reflectance, which is a fundamental parameter deriv- 
able from remote sensing observations of the Earth's surface. We 
describe here preliminary experiments utilizing spectral 
radiance band ratios of the Airborne Visible/Infrared Imaging 
Spectrometer (AVIRIS) that yield high-spatial resolution maps 
of precipitable atmospheric water. The present band ratio methot 
was modeled after a similar method devised by Farmer et al. 
for measurement of atmospheric water on Mars. The band ratio 
method offers the possibility of significant improvement in 
determination of column abundances over mid-infrared and micro- 
wave remote sensing techniques. Specification of the time and 
spatial variability of the absolute amount of water vapor, 
usually carried out remotely for the terrestrial case by 
observations at mid-infrared or microwave wavelengths (but see 
also Ref. 7) contributes to our understanding of surface fluxes 
through local application of the equation-of-continuity for 
water vapor. The compensation for water vapor in radiance images 
of the Earth from aircraft or satellites can be carried out by 
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application of theoretical models of radiative transfer based o n  
molecular absorption line compilations 8 9 9  . 
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AVIRIS provides near nadir spectral radiance measurements of 
the Earth from 400-2500 nm" with a spectral sampling interval 
and spectal resolution near 10 nm. From its U - 2  platform at an 
altitude of 20 km above terrain the swath width is 11 km and the 
surface instantaneous field-of-view (IFOV) 20mx20m. The inflight 
spectral and radiometric performance of this instrument have been 
evaluated by field experiment 1 1  
AVIRIS overflew our test site at Mountain Pass, CA (Lat. 
35' 2 8 '  N ,  Long. 115' 32' W, Figure la) on July 30, 1987, 10:15 
AM PST, along a flight line oriented N 55' E. Topographically 
(Figure lb) the image area to the northeast contains Ivanpah 
Valley with Ivanpah Lake (dry) occupying the lowest part at an 
elevation of 2600 ft (794 m). To the southwest the land surface 
rises over broad sparsely vegetated alluvial slopes to Clark 
Mountain and the Mescal Range where the maximum elevation is 
6493 ft (1980 m). The image is bordered on the southwest by 
Shadow Valley at an elevation near 4200 feet (1280 m). During the 
overflight, measurements were made at site A (elevation 4726 
ft., 1441 m)of alt2mospheric optical depth using a Reagan-type 
solar radiometer (Figure 2), from which aerosol and ozone 
optical depths were derived by the procedure of Ref. 13. An 
observation at wavelength 940 nm was used to derive the slant 
path precipitable water present by cross-calibration with a 
ratioing spectral hygrometer (wavelengths 935 nm/880 nm) that is 
independently calibrated in terms of column precipitable water as 
determined by about one hundred radiosonde plus high altitude 
aircraft and large zenith angle solar observations. In addi- 
tion, the surface bidirectional spectral reflectance of targets 
within the scene was measured with a portable instantaneous 
display and analysis spectrometer (PIDAS) . PIDAS covers the 
spectral range 425-2500 nm with sampling intervals better than 5 
nm. Reflectances of uniform areas of Ivanpah Lake (Site B ,  
Figure la) were used to generate a local i2flight radiometric 
calibration of AVIRIS" through the LOWTRAN 7 atmospheric model 
s o  that the image digital numbers could be converted to spectral 
radiance L(X) in pw cm nm ster- . A standard rural aerosol 
model was employed with visibility of 2 3  km, adopted by com- 
parison with the Reagan solar radiometer measurements. 
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Figure 3 is the radiance at AVIRIS spectral resolution 
predicted at altitude from Ivanpah Lake according to the LOWTRAN 
7 standard mid-latitude summer model using the PIDAS-determined 
We used the ratio surface reflectance as measured at site B .  
R(940,870,w) of AVIRIS-determined radiances L(940,~)/E(870,w) 
(over-bars are averages of three channels around the wavelength 
indicated and w is precipitable water in cm) to estimate total 
path precipitable water (downward slant path of zenith angle = 
29' and upward vertical path) on a point by point basis in the 
image. The ratios were converted to amounts of water by generat- 
ing a curve-of-growth from the LOWTRAN 7 model for the altitude 
of site A ,  including effects of path radiance intrinsic to the 
- 
model for the site altitude and flight conditions. The ratio 
curve-of-growth has the form R = Aexp(-BJw) where A -2.8564 and, 
B = 0.5248, with correlation coefficient- squared r = 0.9988. 
The total precipitable water calculated from the model for Site A 
is 3.139 pr. cm. This model neglects the pressure effect from 
variations in topography over the image away from Site A ,  which 
amounts to a few percent. 
Figure IC is a map of the distribution of total precipitable 
water over the image area. In general atmospheric water dis- 
tribution conforms to the topography. Notable are differences in 
amount between Ivanpah Valley and Shadow Valley, which differ in 
elevation by about 1600 feet (490 m), and a broad area of 
reduced water abundance found on the topographic slope between 
Ivanpah Lake and Clark Mountain. Highpoints of the landscape 
correspond to minimums in observed water abundance. We specu- 
late that the sharp decrease in water column abundance found at 
represent the edge of the water vapor boundary layer. The ratio 
calculation compensates well for albedo variations (bright and 
dark areas) over the surface, because the channels used are close 
to each other in wavelength and the corresponding differences in 
reflectance are small. The ratio R may be affected by water 
absorptions in the surface reflectance, either in vegetation or 
as soil moisture. The presence of an uncompensated surface 
absorption will decrease the apparent ratio and lead to an appa- 
rent increase in atmospheric water calculated to be present. 
The surface water absorption is always displaced to the red, and 
any effect o f  its presence minimized by forming the ratio 
described above. Also, the sparse desert plant cover present 
(mainly Larrea) and dry climatic conditions probably minimize 
these effects. 
the toe o f  the alluvial slope northeast of Clark Morrntain may 
We used the solar radiometer measurements in Figure 2, to 
estimate precipitable water present at Site A according to the 
radiosonde-based spectral hygrometer scale, for comparison with 
the LOWTRAN 7-derived scale. The relationship between solar 
radiometer ratio R s r  - L(940)/L(870) and spectral hygrometer 
ratio RSr = L(935)/L(880) is R S ,  = 0.08703 + 1.07992Rsr with r2 - 0,9999. The line-of-site precipitable water present is deter- 
mined from W l o s  = W, + (W,/6.8)3, where W, = 13.7/10'.38Rsh, 
with an uncertainty 2 l o % ,  including systematic and random 
errors. The values W l o s  were adjusted for pressure by multiply- 
ing by ./(po/p) where p, is sea-level pressure and p is the pres- 
sure at site A. The pressure correction factor used is 1.1. Our 
ratio RSr = 0.4886, which yields 2.78 cm of water from the 
radiosonde scale. This compares favorably with the LOWTRAN 7 
value of 3.14 pr cm from the AVIRIS-determined ratio. 
The data from separate bands used to generate the ratio 
image of Figure IC contain both coherent and random noise com- 
ponents. To improve signal/noise ratio the separate band data 
were first averaged areally with a 2x2 square filter thereby 
decreasing the surface spatial resolution by a factor of four. 
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Horizontal banding present in the ratio image was removed by 
adjusting the pixels in each line as the difference between the 
average value for that line and the average value of all pixels 
in the surrounding 2 2 5  lines. Periodic microphonic noise was 
removed by transforming to the Fourier domain, severly 
attenuating the microphonic noise frequencies, and performing 
the inverse transform. The random noise component, determined by 
analysis of single-band imagery over uniform portions of Ivanpah 
Lake, was found to be + 2 %  rms. The curve-of-growth yields a 
fractional uncertainty ow/w = 3.8(aR/R)/Jw in the determination 
of w, where a R / R  is the fractional uncertainty in the ratio, 
i.e., 4 %  rms. This gives about 2 0.12 cm of water for average 
conditions over the Mountain Pass test area. 
The present method benefits from a double pass of incident 
solar radiance through the atmosphere, increasing the observed 
abundance by approximately l/cos0 ( 0  = solar zenith angle) over 
the vertical path alone column abundance. The present method 
offers improvement in precision of retrieved column abundances 
over that provited by both infrared and microwave remote sound- 
ing techniques which have an estimated accuracy of 0.6 - 0 . 8  
Pr. cm with present-day instruments. Analysis of sensitivity to 
effects of scattering and further field validation exercises are 
planned. 
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BLACK AND WHITE PHOTOGRAPH 
F i g u r e  1. ( R e f e r  t o  s l i d e  No. 2 . )  ( a )  T h r e e  c o l o r  c o m p o s i t e  
i m a g e  o f  t h e  M o u n t a i n  P a s s  s i t e  u s i n g  1 0  nm c h a n n e l s  f r o m  A V I R I S ,  
1 5 3 7  nm ( r e d ) ,  1 0 5 1  nm ( g r e e n ) ,  6 7 2  nm ( b l u e ) .  The p o i n t  (.) 
l a b e l e d  A l o c a t e s  s t a t i o n  w h e r e  o p t i c a l  d e p t h  was d e t e r m i n e d ;  ( m )  
B ,  a p l a y a  t a r g e t  u s e d  f o r  i n f l i g h t  c a l i b r a t i o n  o f  t h e  i n s t r u -  
m e n t .  ( b )  g e n e r a l i z e d  t o p o g r a p h i c  map of  t h e  s i t e ,  ( c )  map o f  t h e  
d i s t r i b u t i o n  o f  p r e c i p i t a b l e  water i n  cm ( c o l o r  s c a l e  a t  r i g h t )  
d e t e r m i n e d  u s i n g  t h e  940  nm a t m o s p h e r i c  water  b a n d ,  a n d  t h e  r a d i -  
a n c e  r a t i o  L(940)/ L(870). S t i p p l e d  r e g i o n  C D  m a r k s  l o c a t i o n  o f  
s h a r p  c h a n g e  i n  mapped w a t e r  a b u n d a n c e  t h a t  may r e p r e s e n t  e d g e  o f  
water  v a p o r  b o u n d a r y  l a y e r  t a p e r e d  a g a i n s t  t h e  t o p o g r a p h y .  
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F i g u r e  2 .  A t m o s p h e r i c  o p t i c a l  d e p t h  d e t e r m i n e d  f o r  t h e  c l e a r  a i r  
c o n d i t i o n s  o f  J u l y  3 0 ,  1 9 8 7 .  (+>  a r e  m e a s u r e d  p o i n t s .  R a y l e i g h  
o p t i c a l  d e p t h  T R A Y L E I G H  was c o m p u t e d  f r o m  t h e  m e a s u r e d  a tmo-  
s p h e r i c  p r e s s u r e  ( 8 5 6  mb) a t  t ime of o v e r f l i g h t ,  1 0 : 1 5  AM, PST. 
The l i n e  T A E R O S O L  i s  g e n e r a t e d  as  t h e  b e s t  f i t  t o  t h e  d i f f e r e n c e  
b e t w e e n  t h e  o b s e r v e d  a n d  R a y l e i g h  o p t i c a l  d e p t h s .  The o z o n e  o p t i -  
c a l  d e p t h  i s  d e r i v e d  a s  t h e  d i f f e r e n c e  b e t w e e n  o b s e r v e d  a n d  sum o f  
R a y l e i g h  and  Mie v a l u e s .  The r e s u l t i n g  c o m p u t e d  o p t i c a l  d e p t h  
e x c l u d e s  a b s o r p t i o n  f r o m  a t m o s p h e r i c  water  v a p o r .  
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F i g u r e  3 .  T o t a l  r a d i a n c e ,  d i r e c t  p l u s  d i f f u s e  g r o u n d - r e f l e c t e d  
r a d i a n c e ,  a n d  p a t h  r a d i a n c e  g e n e r a t e d  f r o m  LOWTRAN 7 m o d e l  a t  
AVIRIS o b s e r v a t i o n a l  a l t i t u d e  and s p e c t r a l  r e s o l u t i o n  o v e r  I v a n p a h  
P l a y a  u s i n g  t h e  s p e c t r a l  r e f l e c t a n c e  m e a s u r e d  a t  s i t e  B ( F i g u r e  
l a ) .  C a n d  B mark  c e n t r a l  p o s i t i o n s  of b a n d  c l u s t e r s  u s e d  t o  g e n -  
e r a t e  b a n d  r a t i o s  t h a t  a r e  c a l i b r a t e d  i n  terms o f  a t m o s p h e r i c  p r e -  
c i p i t a b l e  w a t e r  a b u n d a n c e s  i n  F i g u r e  IC. 
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